One of the hallmarks of Alzheimer's Disease is a significant increase in ventricular volume. To date we and others have shown that a cholesterol-fed rabbit model of Alzheimer's Disease displays as many as fourteen different pathological markers of Alzheimer's Disease including amyloid β accumulation, thioflavin-S staining, blood brain barrier breach, microglia activation, cerebrovasculature changes and alterations in learning and memory. Using structural magnetic resonance imaging at 3T we now report that cholesterol-fed rabbits also show a significant increase in ventricular volume following 10 weeks on a diet of 2% cholesterol. The increase in volume is attributable in large part to increases in the size of the third ventricle. These changes are accompanied by significant increases in the number of amyloid β immuno-positive cells in the cortex and hippocampus. Increases in the number of beta amyloid neurons in the cortex also occurred with the addition of 0.24 ppm copper to the drinking water. Together with a list of other pathological markers, the current results add further validity to the value of the cholesterol-fed rabbit as a non-transgenic animal model of Alzheimer's disease.
Introduction
Alzheimer's disease (AD) has significant effects on the brain including changes in volume, structure, extracellular content, intracellular composition and synaptic connectivity [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Animal models of AD including cholesterol-fed and transgenic mice, cholesterol-fed rats, cholesterol-fed and transgenic rabbits, aged dogs and primates have all approximated one or more aspects of this disease [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . For example, evidence of Alzheimer's like changes in transgenic mice has been documented using structural MRI to identify amyloid β (Aβ) plaques [22] [23] [24] [25] [26] [27] and changes in blood and hippocampal volume [24, 28, 29] . Amyloid β plaques have also been detected in rabbits post mortem following two years of low-level cholesterol feeding [30] . In rabbits fed 2% cholesterol for as little as eight weeks, there are as many as fourteen different indices of pathology that are similar to those seen in AD including intracellular and extracellular Aβ, breaches of the blood brain barrier, activation of microglia, apoptosis, increased levels of Apolipoprotein E and phosphorylated tau protein [15, [31] [32] [33] [34] [35] [36] [37] [38] [39] .
Among the most consistent gross anatomical changes found in AD is an increase in ventricular volume [9, [40] [41] [42] [43] [44] [45] [46] . Although a hallmark in humans, surprisingly little has been reported on changes in ventricular volume in animal models of AD. In one imaging study, Andjus and colleagues found that a trimethylin-treated rat model of AD appeared to have enlarged ventricles compared to sham-treated controls when imaged by MRI at 1.5T [47] . In another study, Dror and colleagues observed ventricle enlargement in a thiamine-deficient rat model of neurodegeneration using a 7.0 T magnet [48] . Xie and co-workers found that a transgenic mouse model of AD exhibited ventricular dilation compared to wild-type mice examine at 4.7 T [49] . Interestingly, Chen and co-workers noted ventricular enlargement in normal mice as a function of age using a 7.0 T MRI scanner [50] suggesting enlargement may simply be a function of age in this model [51] . A recent study by Ramesh and colleagues showed that an intracisternal injection of Aβ into the brains of aged rabbits reduced cortical thickness and increased the thickness of the lateral ventricles when measured 45 days after treatment [52] . We have previously used magnetic resonance angiographic imaging at 3.0 T to report changes in the cerebrovasculature of cholesterol-fed rabbits [53] . That report also included initial efforts to quantify total ventricular volume which were based on a comparison of group-averaged images determined by manual tracing of the ventricles. Those efforts suggested a trend but no significant difference in total ventricular volume as a function of a cholesterol diet. In the present study, we used separate, individual, semi-automated measurements of the lateral and third ventricles to provide a total ventricular volume in individual rabbits fed 2% cholesterol for ten weeks and given 0.24 ppm copper in their drinking water to show a significant change in third as well as overall ventricular volume as a result of the high cholesterol diet. The level of copper added to drinking water in our previous experiments was 0.12 ppm. The present experiment increased the copper concentration in distilled water to 0.24 ppm in an effort to increase beta amyloid pathology. Consistent with previous results, cholesterol and copper increased the number of amyloid β immuno-reactive neurons in the cortex and hippocampus [20, 35, [54] [55] [56] [57] and, surprisingly, the higher concentration of copper increased the number of amyloid β immuno-reactive neurons above distilled-water controls.
Materials and Methods

Animals
A total of 26 male New Zealand White rabbits (Oryctolagus cuniculus) 3-4 months of age and weighing approximately 2 kg upon arrival were housed individually, with free access to Purina rabbit chow and water, maintained on a 12-h light/12-h dark cycle and treated following National Institutes of Health guidelines in experiments approved by the West Virginia University Animal Care and Use Committee.
The rabbits received one of four possible treatment conditions in a 2x2 factorial design in which food (cholesterol vs. normal chow) and water (copper vs. distilled water) were manipulated. Rabbits either received Purina 5321 chow plus 2% cholesterol (Dyets, Inc, Bethlehem, PA) and copper in distilled water (n=6), Purina 5321 chow plus 2% cholesterol and distilled water (n=7), Purina 5321 chow (0% cholesterol) and copper in distilled water (n=7), or normal Purina 5321 chow and distilled water (n=6). Rabbits given copper received copper sulfate in their distilled drinking water with a final copper concentration of 0.24 ppm (0.24 mg/liter). Rabbits were kept on their respective diets for 10 weeks.
MRI Methods
MRI studies were performed immediately before euthanasia and subsequent histological analysis. Animals were anesthetized using 27.7 mg/kg ketamine and 5.7 mg/kg of xylazine injected subcutaneously 15 minutes before imaging. A General Electric Medical Systems 3.0 T MRI long-bore Signa clinical scanner was used with a 12cm quadrature transmit/receive radio-frequency (RF) coil from Nova Medical Systems (Wilmington, MA). The rabbit's head was supported on a Plexiglas table to position each rabbit in the same prone position. The rabbit's body was extended onto foam supports with a heated Delta Phase Thermal pad (Braintree Scientific, Braintree, MA) under the torso to maintain a core temperature of 36-38°C. Each rabbit MRI image data set was collected in less than 30 minutes.
The rabbits underwent 4 MRI scans: 1) a 3-plane localizer scan to check animal positioning and prescribe the axial slices, 2) an axial T1-weighted 3D inversion-recovery spoiled gradient echo sequence (3D SPGR) for anatomical scanning with good gray/white matter differentiation and dark cerebrospinal fluid (CSF); 3) an axial T2-weighted fast spin-echo sequence (FSE) for anatomical scanning with good grey/white matter differentiation and some sensitivity to stroke lesions and bright CSF; and 4) the axial time-of-flight (TOF) magnetic resonance angiography sequence to image vessels. All axial image sets covered from below the most caudal end of the cerebellum to a slice beyond the rostral end of the olfactory bulb.
The 3D SPGR images were used for the current ventricle volume analysis and were 1.6mm in slice thickness interpolated in the slice direction and reconstructed every 0.8mm. The 3D SPGR images had an in-plane resolution of 0.3mm x 0.3mm with image acquisition parameters as follows: field-of-view = 80 x 60 mm; matrix = 256 x 192; TR/TE/TI = 10.4ms./2.3ms/300ms, flip angle = 15 degrees, bandwidth = 11.9 kHz, number of acquisitions=4.
Image Analysis
To make ventricular volume measurements, the following image processing steps were performed. The MRI image contrast was enhanced using Imaging software (ImageJ 1.43, NIH) to saturate the pixels and normalize all images of each rabbit in the dataset. The lateral ventricles and the third ventricle were located with reference to a rabbit brain atlas [58, 59] . Using the editing function of 3D Slicer -an MRI three-dimensional reconstruction program [60] , the ventricles were manually selected using intensity-based threshold painting. The lateral ventricles were fully selected. The third ventricle was selected from the anterior edge of the cerebellum through the cerebral cortex. The statistics module of 3D Slicer was used for quantification of ventricular volume. The module derives the volume from the number of pixels selected with the editing module multiplied by the image spacing and volume per pixel. To validate the intensity-based threshold painting method, a subsection of the third ventricle was manually traced and the mean volume of three separate tracings for each rabbit was analyzed [61] .
Histological analysis
The histological procedures and equipment for measurement of accumulation of Aβ peptide have been described previously [57] . Briefly, rabbits were anesthetized deeply with a mixture of ketamine (500 mg/kg) and xylazine (100 mg/kg) and the rabbits were perfused transcardially with 0.5% paraformaldehyde. Brains were extracted and post fixed for 14 days in 4% paraformaldehyde. Fifty-micrometer vibratome sections of hippocampus and parahippocampal cortex of the brain were immunostained with an antibody to Aβ (10D5; provided by Dale Schenk of Elan Pharmaceuticals, San Diego, CA) by using standard peroxidase-antiperoxidase immunohistochemical methods. Immunoreactive neurons were counted as described [35] . Specifically, neurons positively stained for the 10D5 Aβ antibody within a 0.5 x 0.5 mm square grid were counted in at least six randomly selected areas of the cortex and at least three areas of the hippocampus within a randomly selected section using a 20X objective. All neuronal counts were made blind to the treatment conditions.
Statistical Analysis
Lateral and third ventricle volumes as well as the total ventricular volumes for all subjects were subjected to analysis of variance with factors of food (cholesterol vs. normal chow) and water (copper vs. distilled water) with the significance level set at p < .05 SYSTAT, Version 8). The dependent variables were volume of the lateral and third ventricles as well as total ventricular volume expressed in cubic millimeters and the average number of Aβ immuno-positive neurons in the cortex and hippocampus.
Results
Ventricular Volume
The panels of Figure 1 show sample sequential MRI axial scans from left to right through the brain between the superior colliculus and temporal cortex of a rabbit that received chow and distilled water (A), chow and 0.24 ppm copper in distilled water (B), chow plus 2% cholesterol and distilled water (C), or chow with 2% cholesterol and 0.24 ppm copper in distilled water (D). Compared to the controls, the MRI scans show degenerating brain regions and ventricular enlargement that was produced by the cholesterol diet. Betweensubject variations in the representative MRI scans are due to slight differences in the position of each rabbit in the scanner.
The four panels of Figure 2 depict a sample MRI image from a rabbit in each of the four groups to illustrate how the ventricular volume measurements were made. The enlarged inset in each panel shows the area of the third ventricle (in red) selected using intensitybased threshold painting. The insets illustrate the larger third ventricle volume in rabbits fed cholesterol (Panels C and D) compared to those fed normal chow (Panels A and B). The difference in size of the ventricles is illustrated in Figure 2 by the white arrows in each panel and inset indicating the lateral ventricle that is barely visible in these images. This loss of clear differentiation of tissue types, called volume averaging, between the ventricle and the surrounding brain tissue made the measurement of the extremely narrow ventricular structure difficult in this data set. Figure 3 shows the average volume of the third and lateral ventricles as well as the total ventricular volume for rabbits in each of the four treatment groups. The figure shows clear differences in third and total ventricular volume but not in the lateral ventricle for rabbits given cholesterol in their food without there being any significant effect of adding copper to their drinking water. Analysis of variance confirmed a significant main effect of cholesterol for both third ventricle volume and total volume (F's (1, 22) = 6.93 and 4.96, respectively, p's < .05) without any other significant effects (F's < 1). An analysis of the volumes of the manually traced section of the third ventricle [61] also yielded a significant difference between rabbits fed cholesterol and those fed normal chow (F(1, 22) = 5.11, p < .05) without any other significant effects (F's < 1) providing confirmation of the results of the intensitybased threshold painting method.
Amyloid β-positive neurons
The panels of Figure 4 show Aβ immuno-positive neurons in the cortex of a rabbit that received chow and distilled water (A), chow and 0.24 ppm copper in distilled water (B), chow plus 2% cholesterol and distilled water (C), or chow with 2% cholesterol and 0.24 ppm copper in distilled water (D). The figure shows that relative to the chow/distilled water control where there were relatively few stained neurons and what staining there was a relatively light, there were significant numbers of darkly stained Aβ immuno-positive neurons in the cortex of the other three groups with most staining in the cholesterol-fed rabbits.
These impressions were confirmed in Figure 5 which shows the mean number of Aβ immuno-positive neurons in the cortex and hippocampus for the four groups. The number of Aβ-labeled cells in both the cortex and hippocampus was significantly higher in rabbits fed cholesterol than in those fed normal chow (F's (1, 21) = 36.96, p < .001 and 9.55, p < .01, respectively). In addition, rabbits with copper added to their drinking water had more immuno-positive Aβ cells in the cortex than rabbits given distilled water (F(1,21) = 7.93, p < .05). There were no other significant effects.
Discussion
The principal finding of the current experiment was that rabbits fed a 2% cholesterol diet for ten weeks showed an overall increase in ventricular volume due, in large part to a significant increase in the volume of the third ventricle. Consistent with previous experiments, the cholesterol diet also significantly increased the number of Aβ immuno-positive neurons in the cortex and hippocampus [20, 21, 35, [54] [55] [56] [57] . In addition, a concentration of copper in the drinking water twice that previously examined, significantly increased the number of Aβ immuno-positive neurons in the cortex [20] without significantly affecting neurons in the hippocampus or affecting ventricular volume.
As with previous studies, the present study confirmed one of the most consistent findings in the cholesterol-fed rabbit -an increase in cortical Aβ [12, 30, 31, 33, 35, 39, 54, 62] . A recent study by Ramesh and colleagues used an acute intracisternal injection of Aβ in aged rabbits to determine changes in the brain [52] . Of particular relevance to the present study was a finding of increased ventricular width that occurred 45 days after the injection of Aβ. The current data appear to confirm this overall finding although the differences observed here were in the third ventricle and not the lateral ventricle and were based on ventricular volume and not ventricular width. Given the variety of species and effects of Aβ [63] [64] [65] [66] [67] [68] , the present differences may be the result of slowly accumulating, endogenous, intracellular Aβ compared to acutely injected, exogenous, extracellular Aβ [52] .
Nevertheless, the larger volume of the third ventricle compared to the lateral ventricle in the present study is different from anatomical atlases [58, 59] and casting methods [69] which show the lateral ventricle to be considerably larger than the third ventricle. This issue turns upon how little of the lateral ventricle is visible in the current MRI scans indicated by the white arrows shown in Figure 2 . For example, although Levinger (1971) documents the rabbit lateral ventricle to be between 20 and 25 mm in length when measured with a polyester resin cast, Fellows-Mayle et al. (2005) were only able to see the lateral ventricle in one or two axial MRI scans that were spaced a millimeter apart. In the present study we were able to see parts of the lateral ventricle in up to three axial scans spaced 1.3 millimeters apart. In contrast, the third ventricle was completely and clearly visible in at least four to five axial scans. The second aspect of this issue concerns the thickness of the ventricle that can be resolved in the MRI image. In contrast to the third ventricle which is relatively wide with clearly defined edges, the lateral ventricles are thinner with ill-defined edges (Figure 2) . Thus, each individual volume element (voxel) in the MRI image may contain white matter, grey matter or ventricular cerebrospinal fluid in varying proportions depending on the angle of the slice, the lateral ventricle width and its curvature. If the MRI voxel measures 0.2 mm on each side, for example, a 0.1 mm-wide part of the ventricle might not be visible.
The present results also show that the addition of .24 ppm copper to the drinking water significantly elevated the number of Aβ-positive neurons in rabbits fed a normal chow diet. Although we have shown previously that the addition of .12 ppm copper to drinking water can significantly increase the level of Aβ accumulation in cholesterol-fed rabbits [20, 35] , this is the first evidence that copper by itself is capable of elevating the number of Aβ-positive neurons. These data suggest that elevated copper levels prevent clearance of Aβ from the brain of rabbits fed normal chow [20] -an effect we did not see when rabbits were given only .12 ppm copper in their drinking water [20, 35] . One potential mechanism that might explain this effect is copper-induced interference with Aβ clearance across the blood brain barrier via low density lipoprotein receptor-related proteins [70, 71] . There has been considerable debate about the role of trace metals including copper in AD [72] [73] [74] [75] [76] [77] [78] with some proposing that high levels are problematic whereas others suggesting that low levels are of concern. Whatever role copper plays, it is clear that there is a need for tight control of trace metals in the CNS and that imbalances, as in the present case, can be detrimental [72, [78] [79] [80] .
In sum, the current data add increased ventricular volume -a hallmark of Alzheimer's Disease -to the fourteen other indices of pathology in rabbits fed 2% cholesterol that are similar to those seen in AD including intracellular and extracellular Aβ, breaches of the blood brain barrier, activation of microglia, apoptosis, increased levels of Apolipoprotein E, phosphorylated tau protein and neurovascular changes [15, [31] [32] [33] [34] [35] [36] [37] [38] [39] 53] . Mean (±SEM) volume in cubic millimeters of the lateral and third ventricle and total ventricular volume for rabbits that received chow and distilled water (Purina dH2O, n=6), chow and 0.24 ppm copper in distilled water (Purina Cu, n=7), chow plus 2% cholesterol and distilled water (Cholesterol dH2O, n=7), or chow with 2% cholesterol and 0.24 ppm copper in distilled water (Cholesterol Cu, n=6). Mean (±SEM) number of amyloid β immuno-positive neurons in the cortex and hippocampus for rabbits that received chow and distilled water (Purina dH2O, n=6), chow and copper in distilled water (Purina Cu, n=7), chow plus 2% cholesterol and distilled water (Cholesterol dH2O, n=7), or chow with 2% cholesterol and copper in distilled water (Cholesterol Cu, n=6).
